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Abstract 13 
Anammox in the water line of a waste water treatment plant (WWTP) saves energy for 14 
aeration and allows for recovering biogas from organic material. Main challenges for 15 
applying the anammox process in the water line are related to the low temperature of 16 
<20 °C, causing a significant drop in the specific anammox activity. The aim of this 17 
research was to enrich a cold-adapted anammox species, with a high specific activity. 18 
This was achieved in a 4.2 L reactor operated at 10 °C, fed with 61 mg (NH4 + NO2)-19 
N/L and inoculated with activated sludge from two selected municipal WWTPs. 20 
Candidatus Brocadia fulgida was the dominant species in the enriched biomass, with a 21 
specific activity was 30–44 mg N/(g VS d). This is two times higher than previously 22 
reported at 10 °C, which is beneficial for full scale application. Biomass yield was 23 





Autotrophic nitrogen removal, 10°C anammox enrichment, specific activity, low 27 
ammonium concentration, temperature dependency 28 
 29 
1. Introduction 30 
In municipal and industrial waste water treatment, the anammox process is widely applied 31 
for treatment of streams with a high ammonium concentration (Hu et al., 2013b). 32 
Anaerobic ammonium oxidising (anammox) bacteria oxidise ammonium autotrophically 33 
to dinitrogen gas, using nitrite as a terminal electron acceptor. This process has clear 34 
advantages over conventional nitrogen removal by nitrification and denitrification, such 35 
as lower aeration costs and no need for an (external) carbon source for denitrification. An 36 
example of full scale application of the anammox process is the treatment of reject water 37 
from anaerobic sludge digestion at municipal waste water treatment plants (WWTPs) 38 
(Abma et al., 2007). Separate treatment of the reject water alleviates the internal nitrogen 39 
load on the water line of the WWTP to which it is fed. However, the bulk of the nitrogen 40 
(>80%) still needs to be removed from the water line via nitrification–denitrification at 41 
the expense of biologically degradable organic material. Autotrophic nitrogen removal in 42 
the water line with anammox bacteria would result in a significant reduction in aeration 43 
costs and the organic material present in the waste water will no longer be required for 44 
denitrification. Instead, it could be used for biogas production in, for example, a direct 45 
anaerobic treatment step prior to nitrogen removal (Zhang et al., 2012) or by enhanced 46 
pre-sedimentation followed by anaerobic digestion of this primary sludge (Kartal et al., 47 
2010, Siegrist et al., 2008). In moderate climates, the application of anammox in the water 48 
line faces several challenges, which are mostly related to the low waste water temperature 49 
of 5–20 °C. Current full scale anammox processes operate at mesophilic temperatures and 50 
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the optimum temperature of the anammox bacteria from these reactors has been found to 51 
lie between 30 and 37 °C (Dosta et al., 2008, Strous et al., 1999). Consequently, lowering 52 
the temperature from 35 to 20 °C resulted in a large decrease in biomass specific activity 53 
(Dosta et al., 2008, Vázquez-Pádin et al., 2011). Accordingly, a much higher biomass 54 
concentration or a larger reactor volume would be required to treat the waste water at a 55 
lower temperature. Other challenges of application of anammox in the water line are the 56 
high flow rates and the low ammonium concentrations, typically 20–70 mg N/L (Metcalf 57 
and Eddy, 2004). The low N concentrations itself should not pose a problem, given the 58 
high affinity of anammox bacteria for both NO2− and NH4+ (<0.07 mg N/L, Strous et al., 59 
1999) and this was also confirmed at 20 °C by Hendrickx et al. (2012). The high flow 60 
rate, however, requires reactors that need to be operated at short hydraulic retention times, 61 
to obtain an acceptable reactor volume. This will require very good biomass retention 62 
and/or biomass with a high specific activity. The latter may be achieved by adaptation of 63 
anammox biomass to lower temperatures, as was shown to be feasible at temperatures 64 
down to 15 °C by Dosta et al. (2008) and 12 °C by Hu et al., 2013a, Hu et al., 2013b. 65 
Anammox species with a lower temperature optimum of 15 °C or even 12 °C have been 66 
shown to exist (Dalsgaard and Thamdrup, 2002, Rysgaard et al., 2004). These were 67 
determined for anammox bacteria from marine sediments which had very low 68 
environmental temperature of, respectively, 4–6 °C and −1.7 to 4 °C. When marine 69 
anammox species (Scalindua) were enriched in lab reactors operated at a higher 70 
temperature of 15 or 23 °C, a higher temperature optimum of 25–30 °C was found (van 71 
de Vossenberg et al., 2008), showing that operational or environmental temperature may 72 
at least partially determine the optimum temperature. Enrichment of anammox at low 73 
temperatures (<18 °C) without inoculation with a large amount of anammox biomass has 74 
not been shown previously, mainly because focus has been on application of the 75 
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anammox process for warm and concentrated waste waters. With the recent developments 76 
towards more energy efficient treatment of municipal waste water, low temperature 77 
application of anammox becomes very interesting. Few anammox reactors have been 78 
operated with the combination of a low nitrogen concentration (<100 mg N/L) and a 79 
temperature ⩽20 °C (see Table 1) and shown that biomass growth (and thus an increase 80 
in activity) is feasible under these conditions. In addition to the challenges related to the 81 
anammox bacteria, the production of nitrite by ammonium oxidising bacteria (AOB) as a 82 
substrate for anammox bacteria is another challenge at low temperature. Growth of AOB 83 
at low temperature is already achieved in the activated sludge process at municipal 84 
WWTPs. However, activated sludge processes also contain nitrite oxidising bacteria 85 
(NOB), which should not be present when anammox is applied in the water line. The 86 
competition between anammox bacteria and NOB for nitrite and between AOB and NOB 87 
for oxygen are additional challenges for application of low temperature anammox, but 88 
are not investigated in this paper. 89 
This paper describes the enrichment of anammox bacteria at 10 °C, the lowest 90 
temperature reported so far, and a low influent nitrogen concentration of 61 mg 91 
(NH4+ + NO2−)-N/L. The aim was to selectively enrich an anammox species that may be 92 
adapted to a low temperature, which, therefore, has a high specific activity. A suitable 93 
inoculum was selected after molecular analysis for the abundance and diversity of 94 
anammox bacteria in sludge samples from 9 different WWTPs. The activity of the 95 
enriched anammox biomass was determined at temperatures between 5 and 30 °C. 96 
Moreover, the most abundant anammox bacteria was determined by molecular analyses 97 
and the copy numbers of the anammox bacteria in the enrichment culture were determined 98 
with quantitative PCR (qPCR). The advantages of low temperature enriched anammox 99 
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biomass for application in the water line of municipal waste water treatment will be 100 
discussed. 101 
Table 1 Lab scale anammox reactors operated at T ≤ 20°C and influent nitrogen 102 
concentration < 100 mg N/L. NRR = nitrogen removal rate. RBC = rotating biological 103 
contactor, UASB = upflow anaerobic sludge blanket, SBR = sequencing batch reactor, 104 













Hendrickx et al., 2012 20 69 gaslift - 0.29 25°C anammox sludge as 
inoculum 




- 0.15-0.20 river sediments as inoculum 
Ma et al., 2013 16 51 UASB-like - 3.5 startup at 30°C, days 137-
200 at 16°C 
De Clippeleir et al., 2013 14 50 RBC + 0.60 start-up at 29°C 
Hu et al., 2013a,b 12 70 SBR + 0.028 start-up at 30°C 
this study 10 61 SBR/MBR - 0.027 activated sludge mixture as 
inoculum 
 106 
2. Materials and Methods 107 
2.1 Inoculum selection 108 
Nine municipal waste water treatment plants (WWTPs) were selected for sampling based 109 
on a low ratio of biological oxygen demand and total nitrogen (BOD/N) and a long sludge 110 
retention time (SRT), as shown in Table 2 and also in Luesken et al. (2011). The Haarlo 111 
WWTP was an exception to these selection criteria, but was included due to its low N 112 
removal efficiency (∼50%) and relatively high effluent N (29 mg N/L). Sampling of 113 
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activated sludge was performed at the end of the winter period to increase the chance of 114 
finding anammox species that were already adapted to lower temperatures. Samples were 115 
stored in closed containers at 5 °C until the reactor was inoculated. At the time of 116 
inoculation, the sludge samples contained 0.01–0.02 mg NO2-N/ and 0.3–0.5 mg NO3-117 
N/L showing that the sludge had not become anaerobic. 118 
 119 
Table 2 Characteristics of the nine waste water treatment plants that were sampled. N.a. 120 
= not available. 121 
# WWTP BOD/N SRT (d) 
1 Kralingseveer n.a. n.a. 
2 Houten 3.5 29 
3 Driebergen 3.3 28 
4 Zutphen 2.8 25 
5 Haarlo 4.2 8 
6 Varsseveld 4.7 24 
7 Lichtenvoorde 2.5 26 
8 Dordrecht n.a. n.a. 
9 Heerenveen 3.7 28 
 122 
2.2 Influent composition 123 
Synthetic medium was used, containing NaNO2 (30 mg N/L), NH4Cl (30 mg N/L), 124 
NaNO3 (0–14 mg N/L), KHCO3 (0.4 g/L), KH2PO4 (0.040 g/L), MgSO4·7H2O (0.25 g/L) 125 
and CaCl2 (0.30 g/L) and micro-nutrients (as described in van de Graaf et al., 1996) 126 
dissolved in demi water. After 189 days of operation 10% (v/v) of stabilised and filtered 127 
(0.45 μm) anaerobic effluent was added as a potential source of other micronutrients, as 128 
described in Hendrickx et al. (2012). The anaerobic effluent originated from a UASB-129 
digester system treating domestic waste water as described in Zhang et al. (2012) and 130 
contained 40–80 mg NH4-N/L and 80–100 mg COD/L. The heterotrophic denitrification 131 
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capacity of the stabilised and filtered UASB effluent was determined at <1 mg NO2-N/L, 132 
as reported in Hendrickx et al. (2012). 133 
 134 
2.3 Reactor operation 135 
The 4.2 L gas-lift reactor used for the enrichment is schematically shown in Fig. 1. 136 
Reactor temperature was maintained at 10 °C using a thermostatic water bath. 137 
Temperature (Pt100) and pH (PHM201, Radiometer Analytical) in the reactor were 138 
measured and recorded. Initially gas recirculation over the reactors was applied for 139 
mixing. This was stopped after 195 days, after which N2 gas (1 L/min) and CO2 gas 140 
(1.5–3.0 mL/min) were continuously fed to the reactor without recirculation. Reactor 141 
pH was maintained at 7.5 by adjusting the CO2 gas flow rate. Operation of the reactor 142 
could be divided into 4 phases: 143 
I. Day 1–181: decreasing in heterotrophic denitrifying activity; operation as sequencing 144 
batch reactor (SBR); 145 
II. Day 181–363: gradual increase in anammox activity, operation as SBR; 146 
III. Day 363–622: increase in anammox activity, operation as SBR with membrane for 147 
full biomass retention; 148 
IV. Day 622–722: strong increase in anammox activity, continuous operation with 149 
membrane. 150 
 151 
During operation as an SBR a liquid replacement volume of 0.15–1 L/d was applied in 152 
combination with a settling time of 1 h. During phase I, additional biomass retention was 153 
achieved by centrifuging (10 min, 4500 rpm) 60–90% of the effluent from the enrichment 154 
reactors and returning the sludge pellet to the reactor. Initial operation as an SBR was 155 
chosen to allow selection of a specific anammox type, as it gradually washes out other, 156 
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slower growing, anammox bacteria. Once this had occurred (observed by an increase in 157 
nitrogen removal rate), full sludge retention was applied by placing a membrane in the 158 
reactor (day 363). This tubular polyvinylidene fluoride (PVDF) membrane had a pore size 159 
of 250 kDa. From day 622 onwards the reactor was continuously fed with a flow of 1–160 
2.3 L/d. Influent entered via the top of the reactor, using a Stepdos 03 RC membrane 161 
pump. For the effluent (and later permeate) a Watson Marlow 403U peristaltic pump was 162 
used. To simulate the conditions of effluent from anaerobic reactors, methane gas was 163 
dosed to the reactors to obtain a dissolved methane concentration of ±15 mg/L; this 164 
methane dosing was stopped after 136 days. 165 
 166 
Figure 1 Scheme of the 4.2 L enrichment reactor. 167 
 168 
2.4 Reactor measurements 169 
Nitrite concentration was frequently determined using test strips in a 2 mL sample from 170 
the reactor; nitrogen load was increased when nitrite concentration was below 1 mg N/L. 171 
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occasionally determined in a 1–3 day test. For this purpose the concentrations of NH4, 173 
NO2 and NO3 in the supplied influent and in the reactor (at the start and at the end) were 174 
measured in centrifuged samples (10 min at 10,000 rpm). 175 
Activity measurements at different temperatures were performed with the whole reactor, 176 
by decreasing the temperature of the water bath for a period of 1–3 days. At each 177 
temperature, the conversion ratios and volumetric activity were calculated. 178 
Conversion of nitrogen species (NO2−, NO3− and NH4+) was calculated using the 179 
following equation: N converted (mg) = influent 180 
volume × ([N]in − [N]out) + Vreactor × ([N]R,start − [N]R,end); with [N] the N-species 181 
concentration in the influent (in), effluent (out) and reactor (R, at start and end of the test). 182 
Net growth rate was calculated as μ = ln (activity t1/activity t2)/(t1 − t2). 183 
 184 
2.5 Batch activity measurements 185 
In addition to temperature experiments with the whole reactor, batch activity 186 
experiments were performed with biomass from the reactor. Batch bottles (120 mL) 187 
with 75 mL of mixed reactor liquid and 10–15 mL of synthetic medium were used, to 188 
achieve initial concentrations of 5.3–15.9 mg NH4-N/L and 3.6–16.2 mg NO2-N/L. 189 
Bottles flushed with a N2/CO2 gas mixture (0.15% CO2) and sealed with a rubber 190 
stopper. The bottles were placed on shakers in temperature-controlled cabinets (at 5, 191 
7.4, 10, 15, 17, 20 and 30 °C). Concentrations of ammonium, nitrate and nitrite were 192 
measured after certain time intervals. Activities were calculated in mg N/(Lreactor d). 193 
 194 
2.6 Analytical 195 
Nitrite concentrations were estimated using test strips (Merckoquant). Nitrate, nitrite 196 
and ammonium were determined colorimetrically according to Standard Methods 197 
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(APHA, 1998) using Dr. Lange® test kits. Prior to analysis, solids were removed from 198 
the samples by centrifugation at 10,000 rpm for 10 min. Total and volatile (suspended) 199 
solids, TS(S) and VS(S), were measured according to Standard Methods (APHA, 1998) 200 
using Whatman grade 40 filter papers (pore size 8 mm) for the TSS/VSS measurements. 201 
TS and VS measurements were used for the sludge concentration in the reactor after the 202 
membrane was placed (day 363). 203 
 204 
2.7 DNA extraction, PCR, cloning and q-PCR analysis 205 
Genomic DNA was extracted from 1 ml of sludge sample directly taken from the waste 206 
water treatment plants as previously described (Schmidt et al., 1991). The 16S rRNA 207 
genes were amplified by PCR using anammox specific forward primer pla46F 208 
(Juretschko et al., 1998) and universal reverse primer 1529R (Neef et al., 1998). The 209 
amplicons were then cloned and sequenced as previously described (Hu et al., 2013a, 210 
Hu et al., 2013b). Phylogenetic trees were constructed in MEGA5 software (Tamura et 211 
al., 2011). For qPCR, primers set hzsA_1597F/hzsA_1859R (Harhangi et al., 2012) 212 
targeting anammox functional gene hydrazine synthase (hzsA) were used. The qPCR 213 
reactions were performed as described previously (Hu et al., 2013a, Hu et al., 2013b). In 214 
short, hzsA gene was first PCR amplified and cloned to create plasmids containing the 215 
target gene. Extracted plasmids were quantified on a NanoDrop 1100 spectrophotometer 216 
(Thermo Scientific, USA) and then serially diluted in 10-fold steps for the standard 217 
curve construction. Each qPCR reaction was performed triplicate on a MyiQTM Single-218 
Color Real-Time PCR Detection System (BIO-RAD, USA). Sequences are submitted 219 





3. Results and Discussion 223 
3.1 Presence of anammox at municipal WWTPs 224 
Anammox bacteria were present in all 9 WWTP sludge samples, as revealed by clone 225 
libraries constructed with primers targeting the 16S rRNA gene of anammox bacteria. 226 
Species similar to Brocadia, Kuenenia and Scalindua genera were detected, as shown in 227 
the phylogenetic tree in Fig. 2. Apparently, anammox bacteria can survive under aerated 228 
conditions in the water line of a WWTP, even after a long period of low water 229 
temperature, as samples were taken at the end of the winter period. Given the low 230 
fractions of anammox bacteria in all the WWTP sludge samples, they probably did not 231 
contribute significantly towards nitrogen removal at the WWTPs. The presence of 232 
anammox bacteria in sludge from the Lichtenvoorde WWTP may also be explained by 233 
the industrial anammox reactor at Hulshof tanneries (Frijters et al., 2007). This reactor 234 
discharges its effluent, with (some) washed out anammox bacteria, to the Lichtenvoorde 235 
WWTP, which made it highly likely that this sludge would contain more viable anammox 236 
cells. The Lichtenvoorde sludge sample was chosen as the inoculum in this study. To 237 
increase the chances of enrichment of a specific anammox species that was adapted to 238 
low temperatures, sludge from the Haarlo WWTP (sample #5) was also added to the 239 
reactor, as it contained three different types (Brocadia-, Kuenenia- and Scalindua-like) 240 
of anammox bacteria as detected by clone libraries. This combined inoculum contained 241 





Figure 2 Phylogenetic tree showing the relationship of the 16S rRNA gene clones from 245 
sludge samples from 9 different waste water treatment plants (WWTP1…9) and the 246 
biomass from the 10°C enrichment reactor after 568 days of operation (10°C enrichment), 247 
to known anammox bacteria. WWTP5 and 7 (framed in the tree) were selected for 248 
inoculating the enrichment reactor. The (synthetic) influent of the enrichment reactor 249 
contained 61 mg (NH4+ + NO2-)-N/L and 10 vol% of stabilised and filtered effluent from 250 
an anaerobic reactor. 251 
 252 
3.2 Anammox enrichment at 10°C 253 
The enrichment of anammox bacteria from WWTP sludge resulted in a nitrogen 254 
removal rate (NRR) of up to 27 mg N/(L d) after 722 days, as is shown in Fig. 3. During 255 
the first 181 days of enrichment (phase I), the NRR was gradually decreasing, which 256 
can be explained by a gradual decrease in heterotrophic denitrification. Dissolved 257 
organic carbon present in the inoculum and produced by slow decay of organic material 258 
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and cellular biomass that was present in the inoculum were both available to drive 259 
heterotrophic denitrification. Once the organic material was depleted, nitrogen removal 260 
must take place autotrophically. The following period of day 181–363 (phase II) was 261 
marked by a very slow increase in NRR, from 0.2 to 0.7 mg N/(L d) and a very low 262 
biomass concentration of 0.07 g VSS/L. With this increase in activity, it was clear that 263 
anammox bacteria could grow in the system, which likely were an anammox species 264 
that was best adapted to 10 °C. To ensure full retention of the enriched anammox 265 
biomass, a membrane for effluent withdrawal was placed in the reactor on day 363 266 
(phase III). This resulted in a clear and rapid increase in NRR up to 27 mg N/(L d). The 267 
conversion ratios shown in Table 3 are close to the anammox stoichiometry, again 268 
confirming that nitrogen removal was indeed achieved by anammox bacteria. Nitrate 269 
production is inevitably a result of growth of anammox bacteria, as part of the nitrite is 270 
oxidised to nitrate to provide electrons for carbon fixation. According to the anammox 271 
stoichiometry at mesophilic temperatures, this nitrate production is 0.26 mol NO3− per 272 
mol of NH4+ converted by anammox bacteria. In contrast to Hu et al. (2013a), the 273 
growth-related nitrate production by anammox bacteria was not below 0.26, indicating 274 
that biomass yield remained the same at this low temperature. Biomass concentration 275 
increased in phase IV from 0.43 g VS/L (day 631) to 0.51 g VS/L (day 722); using the 276 
total amount of (NH4+ + NO2−)-N converted in this period (7.3 g N), a biomass yield of 277 
0.046 g VS/g N converted was calculated (assuming that the increase in VSS was only 278 
due to growth of anammox bacteria). This is indeed close to the stoichiometric 279 
anammox biomass yield of 0.050 g biomass/g N converted reported by Strous et al. 280 
(1999). Based on the exponential increase in activity between days 599 and 685 a 281 





Figure 3 Nitrogen (NH4+ + NO2-) removal rate in the anammox enrichment reactor 285 
operated at 10°C. The (synthetic) influent contained 61 mg (NH4+ + NO2-)-N/L and 10 286 
vol% of stabilised and filtered effluent from an anaerobic reactor. Estimated rate was 287 
based on measured nitrite conversion and anammox stoichiometry, for the measured 288 
rate both ammonium and nitrite conversion were measured. The reactor was initially 289 
operated as an SBR (phases I-III) and a membrane was used for full anammox biomass 290 
retention from day 363 (phase III); continuous operation started on day 622 (phase IV). 291 
 292 
Table 3 Measured nitrogen removal activities and the conversion ratios of nitrite, nitrate 293 
and ammonium in the anammox enrichment reactor at 10°C. Anammox stoichiometry 294 
from Strous et al., 1999. 295 
Time Volumetric activity Specific activity NO2/NH4 NO3/NH4 
(d) mg (NO2+NH4)-N/(L·d) mg (NO2+NH4)-N/(g VS·d) (-) (-) 
181-363 0.2-0.7 0.7-10 a - - 
412 2.7 41 1.36 -0.40 
484 9.4 44 1.31 -0.09 
554 5.9 n/a 1.61 -0.39 
628 14.2 30 1.08 -0.26 
680 17.5 41 1.29 -0.59 
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 anammox stoichiometry  1.32 -0.26 
a 4 measurements, per g VSS 296 
 297 
3.3 Characterisation enriched anammox biomass 298 
The enriched biomass consisted of small sludge flocs (Fig. S1). Phylogenetic analysis 299 
on a sample from the enrichment reactor on day 568 revealed that the dominant species 300 
was 96% similar to Candidatus Brocadia fulgida (as shown in Fig. 2). On day 727, 301 
qPCR analysis showed that the anammox cell count was (1.06 ± 0.3) × 107 cells/mL. At 302 
that moment the sludge concentration was 0.5 g VS/L, resulting in 303 
(2.12 ± 0.6) × 1010 cells/g VS. The specific activity of the enriched anammox biomass 304 
was 30–44 mg N/(g VS d) at 10 °C, as shown in Table 3. This is two times higher than a 305 
previously reported specific activity from a batch test at 10 °C, which was 306 
< 20 mg/(g VSS d) for sludge from a reactor operated at 30 °C (Dosta et al., 2008). 307 
Enrichment of anammox biomass at a low temperature may, therefore, be considered as 308 
beneficial for achieving a high specific activity. However, similar high specific 309 
activities may also be achieved after long-term adaptation of mesophilically grown 310 
anammox to 10 °C, which was not investigated in this research. Hu et al. (2013a) did 311 
report an adaptation over a period of 120 days at 12 °C, and showed that the optimum 312 
biomass specific activity at 12 °C was similar to the optimum specific activity at the 313 
start temperature of 30 °C. A batch experiment showed a high specific activity of 314 
36 mg N/(g VSanammox d) at 10 °C (Hu et al., 2013a, using 0.6 g protein/g VS). 315 
Interestingly, Hu et al. (2013a) also found that Ca. Brocadia fulgida was the dominant 316 
species, as did Winkler et al. (2012) in an 18 °C reactor, inoculated with biomass from a 317 
30 °C anammox reactor and receiving an influent containing ammonium and acetate. 318 
This might suggest that Ca. Brocadia fulgida may have a competitive advantage at low 319 
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temperatures. To confirm this, more low temperature anammox reactors should be 320 
analysed for its anammox species and the mechanism(s) behind this advantage should 321 
be elucidated. 322 
 323 
3.4 Temperature dependency 324 
Short-term experiments with the whole reactor and in batch incubations, indicated that 325 
the optimum temperature of the enriched anammox species was between 20 and 30 °C 326 
(Fig. 4). This is 10–15 °C lower than the optimum for anammox species used for 327 
nitrogen removal at higher temperature, yet higher than the optima of anammox species 328 
obtained from saline environments (see Table 4). The enriched anammox bacteria in the 329 
current study did not appear to be psychrophilic, but more likely low temperature 330 
adapted mesophiles. Hu et al. (2013a) showed that the temperature optimum of 12 °C 331 
adapted anammox was also around 25 °C, whilst a higher optimum of around 35 °C was 332 
found for biomass from a 30 °C reactor. In the temperature range of 5 to 17 °C, an 333 
apparent activation energy of 66 kJ/mol was calculated. This is in the range of 334 
activation energies of 63–70 kJ/mol determined for anammox biomass enriched at 335 
temperatures ⩾20 °C (Hendrickx et al., 2012). 336 
 337 
Table 4 Temperature optima of anammox bacteria from low temperature natural 338 
environments and from lab reactors. 339 
Species Toptimum (°C) Biomass source T 
(°C) 
Reference 
n.d. (not determined) 15 environment 4 – 6 Dalsgaard and Thamdrup, 2002 
n.d. 12 environment -1.7 – 4 Rysgaard et al., 2004 
Kuenenia stuttgartiensis 35 – 40 synthetic  Dosta et al., 2008 
n.d. 37 leachate/synth.  Egli et al., 2001 
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several 37   Isaka et al., 2008 
Ca. Brocadia fulgida n.d. 30°C anammox reactor 18 Winkler et al., 2011 
Ca. Brocadia fulgida 35 30°C anammox reactor 30 Hu et al., 2013a 
Ca. Brocadia fulgida 25 30°C anammox reactor 12 Hu et al., 2013a 




Figure 4 Volumetric activites at 5-30°C relative to the activity at the enrichment 343 
temperature of 10°C. Series of tests were performed with the whole reactor (diamonds) 344 
and in batch experiments (triangles). The broken line indicates the trend of the effect of 345 
temperature on the relative activity. 346 
 347 
3.5 Low temperature application of anammox  348 
The present study and previous studies have shown that growth of anammox at 349 
temperatures of 10–20 °C and at a low nitrogen concentration is feasible (Hu et al., 350 
2013a, Hendrickx et al., 2012, Osaka et al., 2012). Growth of anammox bacteria at such 351 
low temperatures is a prerequisite for full-scale application, as it avoids the need to 352 
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for full scale application is the production of nitrite, whilst preventing full nitrification 354 
to nitrate. At temperatures below 15–20 °C, the undesired nitrite oxidising bacteria 355 
(NOB) have a higher maximum growth rate than the required ammonium oxidising 356 
bacteria (AOB) (e.g. de Clippeleir et al., 2013). Achieving efficient retention of 357 
anammox bacteria and AOB, whilst preventing (excessive) NOB growth will prove to 358 
be a challenge, as shown by De Clippeleir et al. (2013). They operated a reactor with 359 
anammox bacteria and nitrifiers at a temperature as low as 14 °C, but reported an 360 
increase in NOB activity from 0 to 85 mg N/(L d) as temperature decreased from 22 to 361 
14 °C. Hu et al. (2013a) showed a very efficient selection for AOB over NOB, in a 362 
nitritation-anammox reactor operated at 12 °C. However, this reactor was 363 
stoichiometrically fed with oxygen, and no NOB could be detected in the reactor. 364 
Stoichiometrically feeding oxygen will be difficult at full scale, as the oxygen 365 
availability will locally be higher at the point(s) of air inlet. Nonetheless, anammox 366 
exists and thrives in natural environments (e.g. in oxygen minimum zones) where the 367 
necessary nitrite is formed by AOB or AOA (ammonium oxidising archea) (Lam and 368 
Kuypers, 2011). This shows that even at temperatures well below 10 °C anammox and 369 
AOB can compete with NOB. In such oxygen minimum zones there is a limitation by 370 
oxygen that favours the selection of AOB, which also results in low specific conversion 371 
rates. Achieving a higher (specific) AOB rate will require a higher dissolved oxygen 372 
concentration and, therefore, strict control of sludge retention times of the different 373 
bacteria, so that the undesired NOB can still be outcompeted. 374 
A specific activity of 30–44 mg N/(g VS d) at 10 °C was found for the enriched 375 
anammox biomass. For application in sewage treatment, a volumetric N loading of 376 
about 150 mg N/(L d) is required, when assuming a typical HRT of 10 h and an influent 377 
N concentration of 60 mg N/L (Metcalf and Eddy, 2004). This would mean that an 378 
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anammox biomass concentration of about 3–5 kg VS/m3 is required at a waste water 379 
temperature of 10 °C. As previously discussed (e.g. Hendrickx et al., 2012), application 380 
of the anammox process at low temperature is most likely to be successful in a single 381 
reactor containing both anammox bacteria and AOB. Including the AOB, the total 382 
required biomass concentration in such a reactor will be 5–8 kg VS/m3 (assuming the 383 
same specific activity for AOB and 57% nitritation by these AOB and assuming no 384 
retention of other micro-organisms). To maintain such a biomass concentration, 385 
traditional clarifiers at WWTPs will not be sufficient. Alternative retention techniques 386 
will be required, such as a membrane bioreactor (MBR), a rotating biological contactor 387 
(RBC) or a reactor with granular biomass. Of these, a granular biomass based reactor is 388 
likely to be most successful, since it allows for (1) a compact biomass retention device 389 
due to the high setting velocity of granular biomass, (2) selective washout of non-390 
granular sludge, such as influent solids, NOB and heterotrophic growth on influent 391 
organic material, (3) lower effect of the granular biomass (compared to flocculent 392 
biomass) on the α-factor, which affects aeration energy input. The enrichment reactor in 393 
this study contained flocs. As the reactor was operated as a membrane bioreactor to 394 
retain all biomass, no selection pressure for growth in granules was applied. The 395 
feasibility of granulation of the anammox biomass at 10 °C still requires further 396 
research, as does preventing and/or removing growth of NOB and heterotrophs on the 397 
granule surface. Granulation at such low temperatures has been shown previously for 398 
aerobic biomass (e.g. Bao et al., 2009) and anaerobic biomass (e.g. Rebac et al., 1999). 399 
Furthermore, the enrichment time at 10 °C in this study was extremely long, mainly due 400 
to the initial selection period (363 days) caused by a very low fraction of anammox 401 
bacteria in the inoculum. With the availability of the enriched biomass, a further 402 
increase in the amount of biomass does not require this initial selection. Inoculation of a 403 
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low temperature anammox process may also be performed with granules from a 404 
mesophilic anammox reactor. The results of Hu et al. (2013a) present promising results 405 
for the fast adaptation to a lower temperature after decreasing the temperature from 30 406 
to 12 °C. The feasibility of this has yet to be proven for granular sludge, as granule 407 
disintegration may occur as a result of lowering the temperature, as was previously 408 
observed for anaerobic granules (McKeown et al., 2009). Additionally, the lower 409 
measured nitrate production at 12 °C reported by Hu et al. (2013a) could be an 410 
indication that no/limited growth takes place after lowering the temperature, whereas 411 
the current study clearly showed that growth of the anammox species selected at 10 °C 412 
took place. 413 
 414 
4. Conclusions 415 
Enrichment of anammox species ‘Ca. Brocadia fulgida’ was achieved at 10 °C and an 416 
influent nitrogen concentration of 61 mg N/L: 417 
• Inoculum from selected municipal waste water treatment plants (WWTPs). 418 
• Enriched biomass appeared to have an activity optimum between 20 and 30 °C, 419 
lower than the optimum for anammox enriched at higher temperatures. 420 
• Biomass yield at 10 °C was 0.046 g VS/g N converted, similar to that at higher 421 
temperatures. 422 
• Average biomass specific activity was 39 mg N/(g VS d) at 10 °C, a factor 2 423 
higher than previously reported. 424 
• Realistic required biomass concentrations for anammox application in water line 425 
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Fig. S1. Biomass from the anammox enrichment reactor after 727 days of operation, 578 
consisting of small flocs. 579 
 580 
